Introduction
Members of the transforming growth factor-β (TGFβ) superfamily play important roles in regulating the specification, differentiation, proliferation and survival of cells in vertebrate and invertebrate embryos (Chang et al., 2002a , Mishina 2003 , Patterson and Padgett 2000 . The TGFβ superfamily includes members of the TGFβ, activin, bone morphogenetic protein (BMP) and nodal families, as well as several other related ligands (inhibin, myostatin, Mullerian inhibiting substance and others). These ligands are proteolytically processed from inactive precursors, secreted as homo-or heterodimers and bind to a family of transmembrane receptor serine/threonine kinases on target cells (type II receptors). The ability of TGFβ superfamily ligands to interact with their receptors is modulated by co-receptors and numerous extracellular binding proteins that can inhibit or promote signaling (Smith 1999) . Type II receptors transduce signals by phosphorylating and activating type I receptors, leading to the phosphorylation of cytoplasmic proteins, called SMADs (Fig. 1) . Type I receptors also activate SMAD-independent intracellular signaling pathways (Derynck and Zhang 2003) . The effects of signaling through SMAD-dependent and -independent pathways are mediated by a growing number of transcriptional activators and inhibitors. However, relatively little is known about the networks of genes that are controlled by TGFβ superfamily members in specific cell lineages in the embryo.
TGFβ superfamily ligands, receptors and their binding proteins are present and play important roles in eye development (BeleckyAdams and Adler 2001 , Belecky-Adams et al., 1999 , de Iongh et al., 2001a , Obata et al., 1999 , Sakuta et al., 2001 , Yoshikawa et al., 2000 . Germ line deletion of at least two ligands, BMP4 and BMP7, showed that they participate in lens induction and later eye development (Furuta and Hogan 1998 , Jena et al., 1997 , Luo et al., 1995 , Solursh et al., 1996 , Wawersik et al., 1999 . There is also evidence that BMPs and TGFβs contribute to the later differentiation of lens fiber cells , de Iongh et al., 2001b , Faber et al., 2002 , the proper differentiation of the ciliary epithelium (Zhao et al., 2002) , the differentiation of the ventral region of the optic cup , cell survival and axon guidance in the retina (Liu et al., 2003 , Trousse et al., 2001 , the differentiation of the retinal pigmented epithelium (Fuhrmann et al., 2000) and the formation of the corneal endothelium and stroma (Saika et al., 2001 , Sanford et al., 1997 . Unfortunately, germ line deletion of the genes for receptors in the TGFβ superfamily often results in early embryonic lethality (Goumans and Mummery 2000) , limiting studies of the role of these receptors in eye development.
The simplicity of lens organization, the many tools that are available for modifying gene expression in the living lens and the fact that proper development of the eye and lens is not required for viability suggest that it may provide a useful system in which to learn how TGFβ superfamily members regulate development in vivo. The lens is composed of two types of epithelial cells that exist in distinct compartments; the epithelium and the fiber mass (Fig. 2) . The lens epithelium, a sheet of cuboidal epithelial cells, covers the anterior surface of the lens. The fiber mass, which makes up the bulk of the lens, is formed from elongated, terminally differentiated fiber cells. A thick extracellular matrix, the lens capsule, surrounds the lens. Cell proliferation is normally restricted to the epithelial compartment. Early in development, mitosis occurs throughout the epithelium. Cell division gradually becomes restricted to epithelial cells near the lens equator. When the equatorial epithelial cells divide, daughter cell pairs move posteriorly (Rafferty and Rafferty 1981) , withdraw from the cell cycle (Zwaan and Kenyon 1984) and differentiate into fiber cells (Fig. 2) . Fiber cells elongate greatly (Bassnett and Winzenburger 2003) and synthesize and accumulate large amounts of a limited number of cytoplasmic proteins, the crystallins. Crystallin accumulation in the fiber cells is essential for the transparency and high refractive index of the lens (Benedek et al., 1999, Delaye and Tardieu 1983) . Fiber cells also synthesize a distinct set of abundant membrane proteins that endow the fibers with specialized transport properties (Goodenough 1992 , Kushmerick et al., 1995 , Merriman-Smith et al., 1999 . Fiber cell elongation ceases when the apical and basal ends of the elongating cells reach the midpoint of the lens (Bassnett and Winzenburger 2003) . There they meet elongating fibers from the other side of the lens at specialized interfaces called sutures (Kuszak 1995) . Suture formation is accompanied by detachment of the posterior (basal) end of the fiber cells from the lens capsule (Fig. 2) . The continued formation of successive waves of fiber cells causes cells that have detached from the capsule to be buried deeper within the lens. Soon after the fiber cells detach from the capsule, they alter their cell-cell adhesions (Bassnett and Winzenburger 2003, Beebe et al., 2001) , activate the expression of a new set of genes (Vasiliev, Rhodes and Beebe, submitted), partially fuse with their neighbors (Shestopalov and Bassnett 2000) , and then degrade all intracellular membrane-bound organelles, including the nucleus (Bassnett 2002 , Bassnett and Beebe 1992 , Kuwabara and Imaizumi 1974 . These mature fiber cells persist in the lens for the life of the individual.
Several characteristics of the lens make it particularly suitable for studying growth factor signaling. Analysis of tissue interactions is simplified, because the lens has no connective tissues, nerves or vascular supply and the capsule separates lens cells from contact with other cell types. Sheets of epithelial cells, still attached to the capsule, can be placed in culture and used to determine the ability of purified growth factors to regulate epithelial cell proliferation or fiber cell differentiation (Beebe et al., 1987, Chamberlain and Mcavoy 1989) . In addition, tissue-specific promoters are available that allow genes encoding growth factors, their receptors, or binding proteins to be over expressed in the epithelial or fiber cells of the lenses of transgenic animals (Chow et al., 1995 , Faber et al., 2001 , Reneker et al., 1995 , Robinson et al., 1995a , Robinson et al., 1995b . Recently, transgenic mice have been produced that express Cre recombinase in lens cells, enabling the selective inactivation of genes using Cre-loxP gene targeting (Ashery-Padan et al., 2000 , Macpherson et al., 2003 . Because germ line deletion of the genes encoding growth factors or their receptors often disrupts early embryogenesis, the selective deletion of genes in the lens provides a powerful tool to study the contribution to lens development of individual components of a growth factor signaling pathway.
Comparison of the transcripts expressed in wild type and receptordepleted lenses should permit the identification of genes that are directly and indirectly regulated by growth factor signaling in the lens.
We are using Cre-mediated gene targeting to define the contribution of members of the TGFβ superfamily to lens development. Our initial studies reveal that one of the type I BMP receptors, Alk3 (BMPR-1A), is important for normal lens development. We also found evidence that an activin-like molecule contributes to lens fiber cell differentiation. This led us to examine of the distribution of phosphorylated SMAD1 and SMAD2 in lens cells, which revealed that these activated SMADs are present on endosomes in the lens epithelial and fiber cells. Since endosome formation is required for signaling by TGFβ (Hayes et al., 2002 , Panopoulou et al., 2002 , our results raise the possibility that signals from activin and BMP receptors also depend on the formation of endosomes. Finally, we were surprised to find that lenses in which the type II TGFβ receptor had been deleted appeared normal, since a previous study (de Iongh et al., 2001b) , found that over expression of dominant-negative type II and type I TGFβ receptors interfered with normal fiber cell differentiation. Our studies suggest that targeted gene deletion in the lens will provide a valuable tool to analyze the cellular and molecular consequence of signaling by members of the TGFβ superfamily during development.
Results
BMPs play important roles in lens induction (Furuta and Hogan 1998 , Jena et al., 1997 , Luo et al., 1995 , Solursh et al., 1996 , Wawersik et al., 1999 and in the differentiation of lens fiber cells , Faber et al., 2002 . To learn more about the function of BMP signaling during lens development, we examined mice in which one of the type I BMP receptors was selectively deleted in the lens using Cre-loxP-mediated gene targeting.
Targeted deletion of Alk3 (BMPR1A)
Alk3 is the most abundant type I BMP receptor in the tissues that give rise to the eye and is, therefore, likely to mediate, at least in part, the effects of BMP signaling during lens development (Furuta and Hogan 1998) . Embryos homozygous for a germ line deletion of Alk3 arrest at gastrulation (Mishina et al., 1995) . Therefore, we examined the offspring of Alk3 flox/flox mice (Mishina et al., 2002 ) that also expressed a Cre transgene under control of the Pax6 P0 promoter. In these mice, Cre is expressed in the head ectoderm and lens placode by E9.0 (Ashery-Padan et al., 2000) .
Mice that were homozygous for the floxed allele would be expected to lack functional Alk3 in the lens and ocular surface epithelia (Ashery-Padan et al., 2000, Walther and Gruss 1991) . Mice that were Alk3 flox/flox and that expressed the Cre transgene (Cre + ) had no eyelashes and lacked hair on the surface of the eye lids and in a stripe that ran from the temporal to the nasal side of the eye (Fig. 3) . Other than the absence of hair, the lids and ocular surface epithelia appeared normal by gross inspection at eye opening. The corneal opacity in the eye shown in Fig. 3 is likely to be the result of corneal irritation and infection, due to the lack of eyelashes. BMP signaling is known to be essential for the formation of normal hair shafts and Alk3 is prominently expressed in the hair anlagen (Botchkarev et al., 2001 , Kulessa et al., 2000 . The phenotype of the Alk3/Le-Cre mice confirms that BMP signaling is required for hair shaft formation and that Alk3 mediates BMP signaling in the hair follicle. A recent study found similar effects on hair formation after targeted deletion of Alk3 in the skin (Kobielak et al., 2003) .
Targeted deletion of genomic regions flanked by loxP sites are detected in Le-Cre + embryos by E9.5 (Ashery-Padan et al., 2000) . Examination of embryos at E13.5 showed that the lenses of Alk3 flox/flox , Cre + embryos were present, but smaller than in Creembryos, with attenuated lens epithelia. Other than these differences, the overall structure of the lens appeared normal at this stage (Fig. 4 A,B) . The eye was smaller and the retinal layer thicker than in Cre -embryos, as would be expected for an eye with a smaller lens, since the lens makes up a significant proportion of the volume of the eye. In Cre + embryos, the blood vessels posterior to the lens, the hyaloid artery and the capillaries of the tunica vasculosa lentis (TVL), were surrounded by a dense mass Hair and eyelashes were absent in a stripe that ran from the temporal to the nasal side of the eye. The corneal opacity is due to inflammation and infection of the eye, presumably secondary to the loss of eyelashes.
of cells that filled about half of the volume of the vitreous body. The remainder of the vitreous body was also more cellular than in the Cre -eyes. The identity of these abnormal cells remains to be determined. There was also an increase in the number of cells anterior to the lens, adjacent to the lens epithelium, filling the space that would normally have been the anterior chamber of the eye. The differentiation of the corneal endothelium also appeared to be delayed or defective. In a few eyes, the lens and corneal epithelium failed to separate. In these cases, the "lens stalk" connecting these tissues could still be seen postnatally (see Fig. 5B ).
At birth, the lenses of Alk3 flox/flox , Cre + mice continued to be smaller than their Cre -littermates ( Fig. 4 C,D,H). The lens epithelium was attenuated and defects were evident in the fiber cells. The difference in the thickness of the lens epithelium in the Cre -and Cre + lenses could best be appreciated near the lens equator, where the epithelium is normally thicker (Fig. 4 E,F). In many of the Cre + lenses, the epithelial layer was discontinuous in this region (Fig. 4D ).
The fiber cell nuclei were displaced posterior to their normal location and many of the fiber cells were vacuolated (Fig. 4 C-F), suggesting abnormalities in fiber cell elongation and differentiation. Normal fiber cell denucleation did occur in the Cre + lenses (Fig. 4D ). In preliminary studies of two Cre -and two Cre + lenses, the BrdU labeling index was approximately 25% lower in the Cre + than in the Cre -lenses. Further studies are needed to determine whether this difference is statistically significant and whether it accounts for the diminished number of epithelial cells and the smaller size of the lens. There were also abnormalities in the tissues around the lens in neonatal Alk3 flox/flox, Cre + animals. The anterior chamber was filled with cells, many of which were pigmented (Fig. 4 C,D) and no anterior chamber angle could be discerned. It was difficult to determine whether the corneal endothelium was present, due to the cells in the anterior chamber. The tissue surrounding the hyaloid vasculature at E13.5 had condensed into a dense mass and many of the cells within it were now pigmented ( Fig.  4G ). The remainder of the vitreous body, which had been hypercellular at E13.5, no longer had an increased number of cells. By postnatal day 9 (P9), the fiber cells of the Alk3 flox/flox , Cre + mice had begun to degenerate ( Fig. 5 A,B) . The fiber cells were disorganized and swollen and large vacuoles, filled with what appeared to be degenerating cytoplasm, were present in the fiber mass. In 
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some cases, the anterior capsule ruptured, allowing fiber cell cytoplasm to escape from the lens (Fig. 5B) . Some of the fiber cells incorporated BrdU, while BrdU was never detected in the fiber cells of Cre -lenses. At P9, a layer of epithelial cells covered the posterior surface of the lens. Labeling with BrdU showed that these abnormally-located epithelial cells were synthesizing DNA. BrdU labeling could also be detected in the mass of cells posterior to the lens.
target of BMP signaling, localized to the nuclei of elongating lens fiber cells . To test whether activinlike signaling occurred in vivo, we stained sections of E7 chicken lenses with antibodies to pSMAD1 and 2, since activin receptors signal through SMAD2. As described previously, antibodies to pSMAD1 strongly stained the nuclei of cells at the lens equator The vitreous humor was used untreated, or after pre-treatment with noggin (nog, 0.5 µg/ml), follistatin (fol, 0.5 µg/ml), or with both noggin and follistatin (each at 0.5 µg/ml).
Signaling by other members of the TGFβ β β β β superfamily during lens development Addition of the BMP antagonist noggin to cultured lens epithelial cells and primary lens fiber cells and over expression of noggin in the chicken embryo eye transiently inhibited lens fiber cell elongation , Faber et al., 2002 . We extended these studies by testing whether follistatin, a binding protein that preferentially inhibits members of the activin family, could alter the ability of vitreous humor to promote lens fiber cell elongation in explants of chicken embryo lens epithelia. Bovine vitreous humor was pre-treated with noggin, follistatin or equal amounts of both proteins, added to explants of E6 lens epithelia for five hours (20% v/v), and the extent of cell elongation was measured (Fig. 6) . As in the previous study, noggin (0.5 µg/ml) partially inhibited lens epithelial cell elongation (p < 10 -4 compared to untreated vitreous humor). Increasing the concentration of noggin did not further inhibit elongation (not shown). Follistatin (0.5 µg/ml) had no effect on cell elongation. However, noggin and follistatin together completely prevented cell elongation (p < 10 -5 , compared to the elongation seen with noggin alone). This result suggests that an activin-like activity in vitreous humor, together with BMPs, contributes to lens fiber cell differentiation.
Activins and BMPs signal through different type I receptors, leading to the phosphorylation of different sets of SMADs (Fig. 1) . We previously found that phosphorylated SMAD1 (pSMAD1), a
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that were just beginning the process of fiber cell elongation. Nuclear staining for pSMAD1 decreased soon after the initiation of fiber cell differentiation (Fig. 7A ). Nuclear localization of pSMAD2 was also first seen at the initiation of fiber cell differentiation. However, in contrast to pSMAD1, the nuclei of cells at the lens equator were only weakly stained. The intensity of nuclear pSMAD2 staining increased as the fiber cells elongated and remained strong throughout later stages of fiber cell differentiation (Fig. 7B ). These data show that SMAD2-dependent signaling occurs during fiber cell differentiation and are consistent with a role for an activin-like molecule in this process.
pSMAD1 and -2 co-localize on endosomes Figure 8 shows the distribution of these vesicles in the cells near the lens equator. Careful examination showed that nearly every vesicle profile stained for both SMADs, although the proportion of pSMAD1 and 2 staining varied in different vesicles.
To determine the nature of the pSMAD-positive vesicles, we stained lenses with antibodies to lysosome-associated membrane protein-1 (LAMP1), a lysosomal marker, or with antibodies to early endosome-associated antigen-1 (EEA1) or Rab5b, markers of early endosomes. Antibodies to LAMP1 stained many fewer vesicles and these vesicles were distributed differently than the vesicles stained with antibodies to pSMAD1 or 2 (not shown). Antibodies to Rab5b and EEA1 stained vesicles with a distribution Nuclear pSMAD1 staining begins at the lens equator, is strongest during early fiber cell elongation, and declines later in fiber cell elongation. Small SMAD1-positive vesicles are present in the cytoplasm of epithelial and fiber cells. (B) Nuclear staining for pSMAD2 also begins at the lens equator. In the earliest fiber cells, staining is much weaker than for pSMAD1. However, nuclear staining for pSMAD2 persists throughout fiber cell elongation. pSMAD2-positive vesicles are present in the cytoplasm of both epithelial and fiber cells. Scale bars represent 25 µm. We previously reported that antibodies to pSMAD1 stained small vesicle-like structures in the cytoplasm of epithelial and fiber cells (BeleckyAdams et al., 2002) . In the present study we found that antibodies to pSMAD2 also stained vesicular structures in chicken embryo and newborn mouse lenses. We used double-label immunostaining to determine whether pSMAD1 and 2 co-localized to these structures. Since the antibodies to pSMAD1 and 2 were rabbit polyclonals, we modified our staining procedure to permit the co-localization of two primary antibodies raised in the same species. These procedures and the controls required to confirm the results obtained with them are described in the Methods section.
Antibodies to pSMAD1 and pSMAD2 co-localized to small vesicles in both epithelial and fiber cells of lenses from chicken embryos and newborn mice.
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that resembled that seen for the pSMADs (Fig. 9) . Doublelabeling showed that both EEA1 and Rab5b co-localized with pSMAD1 ( Fig. 9 ). Few Rab5b-or EEA1-positive endosomes were detected that were not also stained for pSMADs. Treatment of cultured cells with TGFβ causes pSMADs to associate with endosomes and endosome formation is required for TGFβ signaling in cultured epithelial and endothelial cells (Hayes et al., 2002 , Panopoulou et al., 2002 . Although our studies did not test whether endosomes are required for transmitting BMP signals in the lens in vivo, we did determine whether the distribution of pSMAD1-positive endosomes was altered in lenses lacking the BMP receptor Alk3. Lenses of newborn Alk3 flox/flox mice (P2) were fixed, sectioned and stained with antibody to pSMAD1 and with the fluorescent nucleic acid dye, TOTO-1. Cre + mice had sharply reduced numbers of pSMAD1-positive endosomes in the epithelial and fiber cells near the lens equator, compared to their Cre -littermates (Fig. 10) . The number of pSMAD1-positive endosomes appeared similar in the deeper fiber cells in the lenses of both genotypes. These data suggest that the association of pSMADs with endosomes is involved in BMP signaling. Further studies are required to determine whether endosomes play an essential role in BMP signaling in the lens.
The development of lenses lacking TGFβ β β β βRII
The lens fiber cells of transgenic mice in which dominantnegative type I or type II TGFβ receptors are over expressed develop morphological defects and degenerate at later stages of their differentiation (de Iongh et al., 2001b) . TGFβ receptors signal through SMAD2 and we showed that pSMAD2 is present in the nuclei of elongating and maturing fiber cells. Therefore, we examined the lenses of TGFβRII flox/flox mice (Chytil et al., 2002) in which Cre recombinase was expressed. Based on the previous results, one would predict that these lenses would show defects in fiber cells differentiation and changes in the distribution of (Fig. 11 C,D) . To determine whether TGFβ signaling contributed to the pSMAD2 staining seen in lens fiber cells, we stained sections of TGFβRII flox/flox Cre -or Cre + lenses with an antibody to pSMAD2. Figure 12 shows that nuclear pSMAD2 staining first appeared in elongating cells near the lens equator. Staining increased during fiber cell differentiation and was present in a punctate pattern in the nuclei. Vesicles that stained for pSMAD2 were present in the fiber cell cytoplasm, although not in the abundance seen in other preparations. The intensity and distribution of pSMAD2 staining was similar whether Cre was expressed in the lens or not. These results indicate that signaling by TGFβ accounts for little or none of the pSMAD2 staining seen in lens fiber cells.
Discussion
Members of the TGFβ superfamily play important roles in many tissues at all stages of embryonic and postnatal development. Even if one considers only members of the BMP family, the importance of these molecules is evident. For example, BMP signaling is required for the viability of the preimplantation embryo (Zhao 2003) , patterning the embryonic mesoderm (Zhao 2003) , establishment of the dorsalventral axis in the invertebrate and vertebrate embryo (Shimmi and O'Connor 2003) , early and later stages of hematopoiesis (Zhang and Evans 1996) , neural crest cell formation (Tribulo et al., 2003) , kidney development (Godin et al., 1999) , heart development (Delot et al., 2003) , limb patterning (Soshnikova et al., 2003) , chondrogenesis
In our studies, disruption of the floxed Alk3 gene using a Cre transgene that is expressed early in lens placode formation did not prevent lens formation, since lenses were always present at later stages of development. In several cases, we observed persistence of the lens stalk (similar to Peters anomaly), suggesting that early lens formation was slightly affected by the deletion of Alk3. There are several possibilities that may explain why loss of Alk3 did not recapitulate the lens phenotype of BMP4 or 7 null animals. It is possible that Alk3 does not contribute to lens formation, or that Alk3 is normally involved in lens formation, but signaling through Alk2, which is also expressed in the lens placode, is sufficient to support lens formation in the absence of Alk3. It is also possible that, since Alk3 is expressed before the formation of the lens placode, disruption of the Alk3 gene in the lens placode did not lead to loss of Alk3 mRNA and protein until lens development was already under way. In a previous study, in which the Le-Cre transgene was used to delete the Pax6 gene in the lens placode, the expression of the Cre transgene also commenced after expression of Pax6 had begun, yet lens formation was prevented (Ashery-Padan et al., 2000) . This may indicate that Alk3 is not required for lens formation or that Alk3 mRNA and protein are more stable or required at a lower level than Pax6.
It is also possible that both Alk3 alleles were not disrupted in all cells of the lens placode. While our experience with the efficiency of deletion of TGFβRII floxed alleles and the uniformity of the Alk3 phenotype seen at later stages of development does not suggest incomplete inactivation of the targeted genes, this possibility cannot be ruled out, especially at early stages of eye development, soon after Cre expression begins. Demonstrating the inactivation of a target gene at early stages of development would require sensitive in situ hybridization or laser capture microdissection, analyses that were not performed in this study.
BMP signaling is also important in later lens development.
Over expression of a dominant-negative form of BMPR-1B (Alk6) using promoters that drive transgene expression in the lens epithelium or early fiber cells inhibited primary fiber cell formation selectively on the nasal side of the lens (Faber et al., 2002) . Since the type II BMP receptor was uniformly expressed in the lens at this stage, these authors suggested that the ligand that activates signaling through Alk6 is asymmetrically distributed in the nasal and skeletogenesis (Chimal-Monroy et al., 2003) , tooth development (Jernvall and Thesleff 2000) , inner ear formation (Chang et al., 2002b) , several aspects of eye development (see Introduction and below) and normal bone development and remodeling (Winkler et al., 2003) .
Previous studies showed that lens and eye development is disrupted in embryos lacking BMP4 or BMP7 (Dudley et al., 1995 , Furuta and Hogan 1998 , Godin et al., 1999 , Jena et al., 1997 , Luo et al., 1995 , Solursh et al., 1996 , Wawersik et al., 1999 . Analysis of these defects was complicated by the fact that BMP4 null embryos die just as eye development is beginning and because the phenotype of BMP7 knockouts is variable, with some embryos having normal eyes and others lacking eyes entirely. The receptors that mediate signaling by BMP4 and 7 in the lens placode are not known, although Alk2 protein and Alk3 mRNA are present at the time of lens formation (Obata et al., 1999 , Yoshikawa et al., 2000 .
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part of the eye. These authors did not indicate whether later stages of fiber cell differentiation were affected in the transgenic lenses. Increasing the level of the BMP antagonist noggin in the eye also inhibited primary fiber cell elongation , Faber et al., 2002 , although elongation later recovered . Noggin also inhibited the ability of vitreous humor to stimulate the elongation of lens epithelial cells in an in vitro assay of lens fiber cell formation . In these studies, phosphorylated SMAD1 was detected in the fiber cell nuclei of both chicken and mouse lenses (BeleckyAdams et al., 2002 , Faber et al., 2002 . The present studies show that signaling through Alk3 contributes to the later development of lens epithelial and fiber cells. At E13.5, lenses lacking Alk3 were smaller than wild type, with thinner lens epithelia. Alk3 null lenses were smaller than normal throughout development. Neonatal lenses lacking Alk3 had gaps in the lens epithelium, especially adjacent to the ciliary epithelium. This may indicate that the ligand that activates Alk3 in the lens epithelium is produced by the ciliary epithelial cells, or that cells in this region of the lens epithelium are more dependent on signaling through Alk3.
These observations indicate that Alk3 signaling is needed to support the normal rate of lens cell proliferation, to maintain the viability of epithelial cells, or both. Preliminary examination of BrdU and TUNEL labeling at early postnatal stages did not reveal major differences in the rate of cell proliferation or death in Alk3 null and wild type lenses. Further quantitative analyses are required to account for the small size and slower growth of lenses lacking Alk3. In addition to the defects in the lens epithelium, Alk3 null lens fiber cells became vacuolated and began to degenerate by the first postnatal week. This could reflect abnormalities in the fiber cells caused by deficiencies in the lens epithelium, direct effects of Alk3 on the differentiation of the fiber cells, or both. In studies in progress, we found altered levels of the oncogene c-Ski in the epithelial and fiber cells of Alk3 null lenses. c-Ski is a transcriptional repressor that plays an important role in TGFβ-mediated gene expression (Akiyoshi et al., 1999 , Xu et al., 2000 . Since c-Ski levels are altered and pSMAD1 levels are decreased in Alk3 null lens fiber cells, it is likely that Alk3 directly affects the differentiation of both epithelial and fiber cells.
The lens defects seen in Alk3 null lenses were accompanied by alterations in other cells in the eye. Large numbers of mesenchymal cells were present around the hyaloid vasculature in the vitreous body. In the postnatal eye, these cells coalesced to form a dense plaque at the posterior of the lens. Numerous mesenchymal cells also filled the space normally occupied by the anterior chamber and the formation of the corneal endothelium appeared to be inhibited. Since the transgenic mice only express Cre in the lens, ocular surface epithelia and pancreas (AsheryPadan et al., 2000) , the aberrant cells in the vitreous and anterior chambers must be responding changes in Alk3-dependent signals from these tissues. Signals from the lens are required for the normal development of the corneal endothelium (Beebe and Coats 2000) and the ciliary epithelium (Thut et al., 2001) . Therefore, our results suggest that Alk3 is required for the proper production of signals that normally regulate the migration and/or proliferation of mesenchyme cells within the eye. The availability of lenses with targeted deletion of the components of specific signaling pathways opens up possibilities for study that are not found in most other tissues during development. From early stages of lens development, lens cells can be isolated free of other cell types. Therefore, examining the mRNA expression profiles of lenses that lack a specific receptor or intracellular mediator will permit detailed analysis of the genes that are directly or indirectly regulated by specific signaling pathways.
Our data suggest that, in addition to BMPs, at least one additional member of the TGFβ superfamily activates signaling in lens fiber cells. Follistatin, a binding protein that prevents activins from interacting with their receptors, cooperated with the BMP antagonist noggin to block the elongation of cultured chicken embryo lens epithelial cells. In addition, antibodies to pSMAD2 localized to the nuclei of chicken embryo and mouse lens fiber cells. Since BMPs are not known to cause the phosphorylation of SMAD2, these studies indicate that another member of the TGFβ superfamily is signaling in lens fiber cells. Lenses that lacked the type II TGFβ receptor developed normally and had normal levels of pSMAD2 staining in fiber cell nuclei. Therefore, the ligand responsible for the pSMAD2 staining is not likely to be one of the TGFβs. Several activins are expressed in the developing retina (Belecky-Adams et al., 1999) , activins signal through SMAD2, and activin signaling is inhibited by follistatin. Activins are, therefore, potential candidates for this ligand. However, although most or all activin genes have been deleted by homologous recombination, we are not aware of genetic evidence linking activin signaling with lens development.
In addition to being present in the nuclei of elongating lens fiber cells, phosphorylated SMAD1 and 2 localized to endosomes in the cytoplasm of epithelial and fiber cells. Endosomal pSMAD1 decreased markedly in lenses lacking Alk3, showing that signaling through this receptor contributes to the generation of endosomal pSMAD1. Endosome formation appears to play an essential role in signaling by TGFβ receptors (Hayes et al., 2002 , Panopoulou et al., 2002 . However, from our data we cannot say that endosomes are important for BMP signaling, only that there is an association between BMP signaling and pSMAD localization to endosomes. It is worth noting that intermediates of the Raf/MEK/ERK signaling pathway also localize to endosomes and that endosomal localization contributes to or is required for signaling through this pathway (Delcroix et al., 2003 , Pennock and Wang 2003 , Teis and Huber 2003 , Teis et al., 2002 , Ye et al., 2003 . In preliminary studies, we co-localized pERK with pSMAD1 on endosomes in lens fiber cells (Yu, Guo and Beebe, unpublished) , showing that endosomes are a common component of Raf/MEK/ERK and SMAD signaling in the lens. We believe that further study of the role of endosomes in growth factor signaling in the lens is warranted. Although pSMAD1 and 2 staining was not prominent in the nuclei of lens epithelial cells, endosomes containing pSMAD1 and 2 were abundant in the epithelial cell cytoplasm. The transport of pSMADs from endosomes to the nucleus could be an important control step in signaling by TGFβ family members. It is also possible that pSMADs are present in the nuclei of lens epithelial cells, although at lower levels than in the nuclei of fiber cells. This possibility is supported by the observation that lens epithelial cells were abnormal in Alk3 null lenses. Therefore, although pSMADs are not as abundant in the nuclei of epithelial cells as in elongating fiber cells, BMP signaling probably occurs there.
The normal appearance of lenses lacking functional TGFβRII was initially a surprise to us. In a previous study, dominantnegative (kinase-deficient) type I or type II TGFβ receptors were over expressed in the lens fiber cells of transgenic animals (de Iongh et al., 2001b) . These lenses developed nuclear cataracts and showed attenuated fiber cell elongation, disrupted fiber cell differentiation and eventual fiber cell degeneration. In the present study, analysis of three different sets of TGFβRII flox/flox , Cre + lenses detected a maximum of 3% of the level of TGFβRII mRNA found in Cre -littermates (in two tests no TGFβRII mRNA was detected in the Cre + lenses), suggesting that a maximum of 6% of the cells contained one functional TGFβRII allele. Since there is only a single type II receptor that mediates TGFβ signaling, we interpret these results to indicate that TGFβ is not required for normal lens growth or differentiation. It is possible that over expression of kinase-deficient TGFβ receptors disrupted fiber cell differentiation by a non-specific mechanism, possibly related to the excessive expression of an integral membrane protein, rather than by interrupting TGFβ signaling. If this is correct, careful reevaluation of other studies in which other transmembrane proteins were over expressed in lens fibers may be warranted.
Matherials and Methods
Alk3 flox/flox (Mishina et al., 2002) or TGFβRII flox/flox (Chytil et al., 2002) mice were mated with Le-Cre transgenic mice (Ashery-Padan et al., 2000) and offspring were crossed to generate litters that contained animals that were homozygous for the floxed alleles and Cre -or Cre + . Mice were never created that were homozygous for the LeCre transgene. Mice were genotyped by PCR amplification of genomic DNA using primers that were specific for Cre recombinase or the wild type or floxed alleles of Alk3 and TGFβRII (Chytil et al., 2002 , Mishina et al., 2002 . Pregnant females or postnatal mice were injected with a 10:1 molar combination of BrdU and FdU (50 µg BrdU/kg body weight) one hour before sacrifice. For BrdU or TUNEL staining, embryos or eyes were fixed overnight in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 µm, de-waxed and stained with anti-BrdU antibody (DAKO) or using the ApopTag Peroxidase
In situ Apoptosis Detection Kit (Serologicals Corp.).
For confocal microscopy, chicken embryos or mouse pups were killed at E7 or P2-P5, respectively, lenses were removed, embedded in 4% agarose and sectioned at 100 µm in a tissue slicer (EM Sciences), as described previously (Beebe et al., 2001 . Antigen colocalization using rabbit polyclonal primary antibodies was performed by staining tissues overnight in the first primary antibody (diluted in 0.5% Triton X-100, 10% normal goat serum in PBS), washing the sections in 0.5% Tween-20 in PBS, and then staining overnight using the first secondary antibody (secondary antibodies were Alexa488, 546, 563, or 633 anti-rabbit IgG, Molecular Probes). After thorough washing to remove excess secondary antibody, tissue slices were fixed for one hour in 10% neutral buffered formalin and washed in Tween-PBS. Sections were then exposed to the second primary antibody overnight, washed, treated with the second secondary antibody overnight or for three hours, washed and examined using a Zeiss 410 or 510 confocal microscope. In every case, control slices were included in which the second primary antibody was omitted. These sections were examined to assure that there was no detectable binding of the second secondary antibody to the first primary antibody. In no case was crossbinding detected. The primary antibodies used were specific for Rab5b (Santa Cruz Biotechnology), EEA1 (Calbiochem), phospho-SMAD1 and phospho-SMAD2 (Cell Signaling). TOTO-1 (0.1 µg/ml) was used to stain nuclei in some preparations (Molecular Probes)
The elongation of chicken embryo lens epithelial cells was measured using a microscope with a digital readout of focal position, as described previously . Recombinant noggin and follistatin were obtained from R&D Systems.
Expression of TGFβRII transcripts was determined by TaqMan PCR using a Bio-Rad iCycler. One µg of total lens RNA was used to synthesize cDNA in a standard reaction and one µl of cDNA was used as the template for PCR amplification of TGFβRII and β-actin sequences using 10 picomole of each primer in a 50 µl reaction mixture. PCR reactions (95°C 3 min, then 50 cycles of 95°C 15s, 60°C 1 min) were examined by gel electrophoresis after TaqMan analysis, to confirm the identity of the PCR products. Primer sequences were: β-actin 5': 5'-GCCTCACTGTCCACCTTCCA-3'; β-actin 3': 5'-AAACGCAGCTCAGTAACAGTCC-3'; β-actin TaqMan: 6-FAM-5'-CCGGACTCATCGTACTCCTGCTTGCTG-3'; TGFβRII 5': 5'-TTTGCGACGTGAGACTGTCCA-3'; TGFβRII 3': 5'-GTGGCAAACCGTCTCCAGAGT-3'; TGFβRII TaqMan: 6-FAM-5'-TTGCGACAACCAGAAGTCCTGCATGAGC-3'
